The analysis of mutant zebrafish isolated in forward genetic screens is an important way to investigate the roles of genes in embryogenesis. In this study we describe the zebrafish mutant bumper (bum), which shows a transient, tumour-like hyperproliferation of the lens epithelium as well as a progressively stronger defect in secondary fibre cell differentiation, which results in a significantly reduced lens size and ectopic location of the lens within the neural retina. Interestingly, the initial hyperproliferation of the lens epithelium in bum spontaneously regresses, suggesting this mutant as a valuable model to study the molecular control of tumour progression/suppression. Behavioural analyses demonstrate that, despite a morphologically normal retina, larval and adult bum À/À zebrafish are functionally blind. We further show that these fish have defects in their craniofacial skeleton with normal but delayed formation of the scleral ossicles within the eye, several reduced craniofacial bones resulting in an abnormal skull shape, and asymmetric ectopic bone formation within the mandible. Genetic mapping located the mutation in bum to a 4 cM interval on chromosome 7 with the closest markers located at 0.2 and 0 cM, respectively.
Introduction
The zebrafish (Danio rerio) is well established as a model organism to study vertebrate embryogenesis and large-scale mutagenesis screens have led to the identification of genes controlling the development of specific organs and cell types. Whereas the formation of the retina (reviewed in Fadool and Dowling (2008) , Glass and Dahm (2004) , Malicki et al. (2002)) 0925-4773/$ -see front matter Ó 2010 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2010.01.005 and the development of visual function (Easter and Malicki, 2002; Schmitt and Dowling, 1994) have been extensively investigated in zebrafish, the embryonic development and adult morphology of the zebrafish lens have only recently been described in detail (Dahm et al., 2007) ; see also (Greiling and Clark, 2008; Vihtelic, 2008; Soules and Link, 2005) . Similarly, there are comparatively fewer studies examining the genetic factors controlling the development of the lens in zebrafish and a number of these relied on reverse genetics techniques (morpholino knock-down or over-expression experiments) targeting known genes (see e.g. Nakayama et al., 2008; Evans et al., 2007; Shi et al., 2006 Shi et al., , 2005 Zinkevich et al., 2006; Cheng et al., 2004 ). The number of described zebrafish mutants with lens defects is therefore still limited (see e.g. Lee and Gross, 2007; Gross et al., 2005; Vihtelic and Hyde, 2002; Vihtelic et al., 2001 ; reviewed in Glass and Dahm (2004) ).
In this study we provide the first characterisation of one of the zebrafish mutants with a reported lens phenotype that were isolated in the first large-scale ENU mutagenesis screen for mutations affecting embryonic and early larval development in the zebrafish Driever et al., 1996) . The description of the bumper (bum) mutant phenotype in the initial publication is restricted to a brief note in the appendix of the publication summarizing the phenotypic descriptions of the mutants with aberrant forebrain development and merely states that in bum À/À the lenses begin to degenerate on the fourth day of development . To date, there have been no subsequent studies aimed at obtaining a more comprehensive phenotypic analysis of this mutant. The only other study involving bum larvae was a subsequent behavioural screen of 400 zebrafish mutants to identify genes affecting visual performance in zebrafish (Neuhauss et al., 1999) . While identifying a visual impairment for bum À/À mutant larvae in optokinetic response (OKR), optomotor-response (OMR) and visual background adaptation (VBA) assays as well as determining that the retinotectal projection was normal, this study did not quantitatively characterise the visual behaviour phenotype and does not include any direct data on the mutant. In order to better assess the bum À/À mutant phenotype, we performed detailed histological and functional analyses of the eye and vision. These revealed that this mutant shows a transient hyperproliferation of the lens epithelium. Moreover, while the primary lens fibre cells form normally, the differentiation of secondary lens fibre cells is severely impaired with the cells apparently swelling, detaching and disintegrating. This results in a lens of significantly reduced size, which can be ectopically located in the neural retina and a severe visual impairment of mutant fish. The restriction of the fibre cell defect to secondary lens fibre cells is interesting because the two types of lens fibres found in vertebrates -primary and secondary -have a different developmental origin. In mammalian and avian species, the lens detaches from the surface ectoderm as a hollow lens vesicle, which is lined by a single layer of undifferentiated epithelial cells. While the epithelial cells at the lens' anterior surface (facing the cornea) persist throughout life, the cells lining the lens' posterior surface (facing the prospective retina) elongate towards the anterior to fill the vesicle (see e.g. Dahm et al., 2007 and references therein). These cells, which during the early development of the lens obliterate the lens vesicle's lumen, are termed primary lens fibre cells. The situation in zebrafish is different in that the lens delaminates from the surface ectoderm as a solid cell mass and the primary fibre cells elongate not in a linear but in a circular fashion from the initial lens cell mass (Dahm et al., 2007) .
Subsequent lens growth in mammals, birds as well as in zebrafish occurs via the differentiation of additional fibre cells from epithelial cells located near the lens' equator. These secondary fibre cells elongate towards both the anterior and posterior lens poles. This elongation continues until they contact the tips of secondary fibre cells originating from the opposite equatorial region of the lens and form the anterior and posterior sutures, respectively (Taylor et al., 1996) . Both types of lens fibre cells, primary and secondary, persist throughout life and the nature of lens development means that they remain in those regions of the lens where they were initially formed.
While the two mechanisms leading to the differentiation of primary and secondary lens fibre cells are morphologically and molecularly similar, the two processes are nevertheless distinct (reviewed in Dahm et al. (2007) , Taylor et al. (1996) , Dahm (1999) , Kuszak (1995) ). The bum À/À mutant with its phenotype which is restricted to the secondary lens fibre cells thus offers an opportunity to gain new, mechanistic insights into the processes that distinguish the differentiation of primary and secondary lens fibre cells. The developing lens placode and lens have also been shown to influence the development of other tissues in the embryo, for example, the optic cup in mice (West-Mays et al., 1999; Ashery-Padan et al., 2000) and chicken (Hyer et al., 2003) , the cornea in chicken (Beebe and Coats, 2000) as well as the sclera in chicken (Coulombre and Coulombre, 1964) and the Mexican tetra (Astyanax mexicanus) (Yamamoto et al., 2003) . In this context it is very interesting to note that tissues other than the lens, such as the retina and the cornea, appear to form normally in bum À/À mutants.
While it is well established that the eye is an important component in determining the formation of the head skeleton, little is known about the contribution of the lens in this process. In this context, the development of the ocular skeleton (scleral ossicles and scleral cartilage) which is situated within the eye has recently been described in teleosts (Franz-Odendaal et al., 2007) , opening up the possibility of investigating the effects of the lens on the developing ocular skeleton. We therefore determined whether the degenerating lens in bum À/À affects the developing head skeleton by wholemount staining zebrafish for cartilage and bone. These analyses revealed that the overall shape of the skull is altered, with several reduced craniofacial elements, and that asymmetric ectopic ossifications are present within the mandible. Surprisingly, the ocular skeleton is normal in adults.
isation (dpf) . This study did, however, not provide any details on the phenotype nor show any data. As a first step towards the characterisation of the mutant phenotype, we therefore performed a detailed analysis of the morphology of the eyes in embryonic (36 hpf and 2 dpf; see Suppl. Fig. 1 ) and larval bum À/À zebrafish (3, 4 and 5 dpf; see Figs. 1, 2 and 4A-G, respectively) as well as in adult bum À/À individuals (Fig. 4H, I ). These analyses revealed a number of unique aspects of the bum À/À phenotype, starting at 3 days post-fertilisation (cf. Suppl. Fig. 1 and Fig. 1 , respectively). In contrast to wild-type eyes, which display large lenses of homogenous appearance that are located centrally in the eye cup, bum À/À eyes show a range of lens abnormalities with respect to the size and position of the lens within the eye (Figs. 1-5) as well as the control of proliferation and differentiation of lens cells. Importantly, the ocular phenotype in bum À/À appears to be restricted to the lens epithelium and the secondary lens fibre cells (Figs. 1, 2, 4 and 5), while the primary fibres form normally and the development of other tissues of the eye, including the neural retina and cornea, is not affected (Figs. 1, 2, 4 and 5). When analysing semi-thin and ultrathin sections of the eyes of 3-5 dpf bum À/À larvae by light and transmission electron microscopy, respectively, we observed several cellular and subcellular malformations of the lens. The most prominent of these is a significant hyperproliferation of the anterior lens epithelium, which can first be observed at 3 dpf ( Fig. 1) . In contrast to wild-type lens epithelia, which consistently form a monolayer of cells (see Fig. 1B , D, F (3 dpf) and Fig. 2C , C 0 (4 dpf)), the lens epithelia in bum À/À larvae are invariably multilayered ( Fig. 1C, E , G, G 0 ). This phenotype becomes more pronounced at 4 dpf ( Closer inspection of the cells in the 3 and 4 dpf bum À/À epithelia revealed two important aspects of these cell masses. First, they comprise morphologically undifferentiated cells, indicating a tumour-like growth of the lens epithelium in the mutant (Figs. 1E , G, G 0 (3 dpf) and 2D, E (4 dpf)). Second, they contain a number of pyknotic nuclei and structures that appear to be remnants of perished cells (Figs. 1G 0 (3 dpf) and 2D, E (4 dpf)), suggesting a frequent occurrence of apoptotic and/or necrotic cell death. The latter observation was confirmed by the large numbers of apoptotic cells seen in 4 dpf bum À/À larvae stained with Acridine Orange, a dye that labels the nuclei of cells undergoing apoptosis (Fig. 3) . This elimination of cells in the bum À/À lens epithelium may explain why the hyperproliferative cell masses are reduced in size or even no longer present at subsequent stages of development (see Figs. 4B-D (5 dpf) and 5). Importantly, we never observed tumours in the eyes (or other organs) of the bum À/À mutant individuals we raised to adulthood and kept for >2 years (n > 50; see also Figs. 4H and 6), further indicating that the hyperproliferation of lens epithelium is a transient phenomenon. This observation is particularly interesting in the context that there are no reports of human lens tumours in the medical literature, suggesting the existence of a mechanism to suppress persistent neoplasia in this tissue. The bum À/À mutant, with its initial hyperproliferation of the lens epithelium, may thus prove a valuable model to investigate these mechanisms and to gain new insights into tumour suppression. In addition to the hyperproliferation of the lens epithelium, also the differentiation of lens fibre cells shows defects in bum À/À larvae. Lens fibre cell differentiation is morphologically indistinguishable between sibling and mutant larvae until 2 dpf (Suppl. Fig. 1 ). At 3 dpf, however, the first phenotype becomes apparent. While the differentiation of the secondary fibre cells themselves still appears to occur normally at this stage (Fig. 1H, I ), mutant lenses show the first signs of deformations at their outer cortices (Fig. 1J ). This phenotype becomes more pronounced at 4 dpf (Fig. 2H) . Moreover, at 4 dpf we occasionally observed secondary fibre cells with a significantly less electron-dense cytoplasm embedded in layers of fibre cells that show the much darker appearance characteristic of differentiated lens fibres in electron micrographs (Fig. 2G) . The homogenous, electron dense appearance of lens fibre cells at later stages of cell differentiation is a reflection of the expression of high levels of soluble cytoplasmic proteins, most notably crystallins, which contribute significantly to the optical properties of the lens fibre cells' cytoplasm (Bloemendal et al., 2004) . The light appearance of the cytoplasm of these occasional fibre cells in the mutant lens suggests that they either fail to express the high protein levels characteristic of differentiated wild-type lens fibres or that the protein content of their cytoplasm is diluted. In this context it is interesting to note that we observed that the outermost fibre cells in the bum À/À mutant lens appear to show signs of swelling (cells labelled ''s'' in Fig. 2G, H ). This phenotype becomes substantially stronger at later stages of development (see below). Importantly, neither a swelling of secondary lens fibre cells nor the presence of fibre cells with a lighter cytoplasm were ever detected in wild-type lenses at any of the stages examined (see Figs. 1D (3 dpf), 2F (4 dpf) and 4F, G (5 dpf)). In addition to the lighter appearance of their cytoplasm, we also observed that at least some of the differentiating secondary lens fibre cells in 4 dpf mutant larvae retain nuclei of morphologically normal appearance beyond the stage where organelles are normally degraded during lens cell differentiation (arrowhead labelled ''N'' and inset in Fig. 2G ). This indicates that the elimination of organelles is impaired in these cells. The programmed degradation of all membrane-bound organelles, such as the nucleus (Dahm and Prescott, 2002; Dahm et al., 1998; Bassnett, 1997) and mitochondria (Dahm et al., 1998; Bassnett, 1992) , is a hallmark of fibre cell differentiation and a prerequisite of lens transparency (reviewed in Dahm (1999) , Bassnett (2002) ). Together with the less electron-dense cytoplasm, the failure of these cells to undergo this degradation suggests a general deregulation of the differentiation process in bum À/À . Interestingly, we never observed primary fibre cells in which this organelle elimination had not occurred, suggesting that the molecular mechanisms underlying the degradation of organelles in the two types of lens fibres may have distinct components.
We also observed that the lobe-like protrusions of fibre cells from the main fibre cell mass that were first seen in 3 dpf lenses (Fig. 1J) became more pronounced at 4 dpf (Fig. 2H) . The wild-type lens is one of the most precisely or- dered and regularly shaped tissues in the vertebrate body with the fibre cells forming concentric shells and the fibres within each shell running in parallel to one another (Dahm et al., 2007) ; (Taylor et al., 1996; Kuszak, 1995) . The reason for the partial breakdown of this arrangement in the bum
lens is currently unclear. It could be due to pressure exerted by the hyperproliferating epithelial cells (see also the massive deformation of the fibre mass near the anterior lens pole indicated by # signs in Fig. 2D , E at 4 dpf) and/or a defect in the formation of the lens capsule, which was not examined in this study.
The bum À/À phenotype at 5 dpf displays several interesting developments over earlier developmental stages. In wild-type larvae, the lenses are large and well-developed at this stage ( Fig. 4A ). In the bum À/À mutant by contrast, the lenses can be significantly reduced in size (Fig. 4B ). They are occasionally b also located ectopically, e.g. within the dorsal ganglion cell layer and the inner plexiform layer of the neural retina as evident in the eye on the right-hand side in Fig. 4B . Furthermore, the massive hyperproliferation of the lens epithelium seen at 4 dpf ( Fig. 2) is not as pronounced anymore at 5 dpf and these mutant lenses occasionally even display an epithelial monolayer as seen in the wild-type lens ( Fig. 4C , D; inset in D).
As the spontaneous reduction in the epithelial cell masses seen between 4 and 5 dpf might have important implications for the understanding of tumour progression (e.g. the transition from an initial hyperproliferation to sustained tumour growth), we quantified the decrease in epithelial thickness (Fig. 5) . These analyses show a very significant decline in the thickness of the mutant epithelium from day 4 (Fig. 5A ) to day 5 (Fig. 5B ). These findings suggest that the hyperproliferation of the lens epithelium in bum À/À is reversed at this developmental stage. This reversal may be due to two factors: a decline in proliferation rates (not assessed in this study) and/or an increase in cell death (see Fig. 3 ). Importantly however, the reduction in hyperproliferation seems to be sustained as we never observed ocular (or any other) tumours in adult (>2 years old) bum À/À zebrafish (n > 50; see also
Figs. 4H and 6). This suggests this mutant as an interesting model to identify the molecular mechanisms that normally prevent the development of tumours in the eye lens as well as those underlying tumour progression/suppression in general.
Closer examination of the lens phenotype in 5 dpf bum À/À mutant larvae in semi-thin sections also revealed that these mutants have a severe defect in secondary lens fibre cell differentiation. In all eyes examined, the outer region of the lens showed varying degrees of degeneration, resulting in small and often misshapen lenses ( Fig. 4B-E) . Regularly, the outer layers of fibres appeared to have become detached from one another resulting in large vacuolar spaces between adjacent fibre cells ( Fig. 4C-E) . As observed at 4 dpf ( Fig. 2) , the primary lens fibre cells appear to have developed normally and the lens' nucleus is morphologically indistinguishable from wild-type lenses (compare the appearance of the central regions of the lenses in Fig. 4A (wild-type) with Fig. 4B , C (mutant) and see Fig. 4D , E). As in the wild-type (Fig. 4A) , the lens nucleus in 5 dpf bum À/À larvae stains uniformly with dyes such as toluidine blue (Fig. 4B, C) , indicating that the cells comprising this region have eliminated their intracellular organelles, most notably their nuclei which are readily visualised with this technique or would be visible in electron micrographs (see Fig. 4D ). The phenotype of the secondary lens fibres becomes more apparent at higher magnifications in thin-section transmission electron microscopy images (Fig. 4D, E) . These images reveal that in 5 dpf bum À/À larvae the secondary fibres, instead of adopting the flattened, band-or fibre-like shape characteristic of lens fibre cells soon after having differentiated from the surface epithelium (see Fig. 4F , G for age-matched wildtype sibling lenses), become enlarged (asterisks in Fig. 4E ).
Note that this swelling of the fibres already sets in only a few cells deep into the fibre mass, i.e. at a stage when the cells are still differentiating (Fig. 4E ). These swollen differentiating secondary lens fibre cells also appear to be atypically arranged and are not aligned as parallel fibres forming the concentric shells observed in normal vertebrate lenses (Taylor et al., 1996) , including that of the zebrafish (Dahm et al., 2007) . . Error bars represent the standard error of the mean (SEM).
One or two cell layers deeper into the lens, the fibre cells become detached from each other and appear to fragment or burst open, leaving large empty spaces between residual fibre cell fragments (labelled ''v'' in Fig. 4D, E) . By contrast, the deeper (primary) lens fibre cells appear to have differentiated normally and possess a homogenous, electron-dense cytoplasm, indicative of the high protein concentrations normally found in the cytoplasm of differentiated fibre cells (Fig. 4D, E) . It is, however, worth noting that, in contrast to our observation on 4 dpf bum À/À lenses (Fig. 2) , the abnormally differentiating secondary lens fibre cells in the 5 dpf bum À/À lens seem to eliminate their intracellular organelles (Fig. 4E ).
It is interesting that, despite the dramatic effect of the mutation on the differentiation of secondary lens fibre cells, the primary fibres forming very early during lens development appear to have differentiated normally. Differences in the differentiation of primary and secondary lens fibres have previously been described (reviewed in Dahm (1999) , Dahm et al. (2007) ). The molecular mechanism(s) underlying these differences are, however, still largely unknown. The bum mutant might thus offer interesting insights into the molecular differences between these two processes.
Note that the pupil diameter in bum À/À eyes at 5 dpf is already noticeably reduced as compared to the wild-type eyes (compare panel A (wild-type) with panels B and C (mutant) in Fig. 4 ; see also Fig. 5 ). This feature of the mutant phenotype, combined with the absence of the anterior part of the lens protruding into the anterior eye chamber (compare panel A (wild-type) with panels B and C (mutant) in Fig. 4) , greatly facilitates the reliable identification of mutant individuals at this developmental stage. Despite the severity of the lens phenotype in bum À/À individuals -the hyperproliferation of the lens epithelium, the compromised secondary lens fibre cell differentiation and the deformation of the lens fibre cell mass -the development of the other tissues in the bum À/À eye appears to be largely unaffected. In particular, the retina and the cornea, which are in close contact with the lens throughout development, appear to be unaffected in a major way. The mutant retina, for instance, displays all the layers seen in the wild-type, including, from the centre of the eye to its periphery, a ganglion cell layer, an inner plexiform layer, an inner nuclear layer, an outer plexiform layer, a photoreceptor cell layer and a retinal pigment epithelium (Figs. 1A-C (3 dpf); 2A, B (4 dpf); 4A-C (5 dpf) and Fig. 4H, I (adult)). Moreover, as seen in the wild-type, the optic nerve exits the eye and seems to be projecting normally to the brain (Figs. 1A, C; 2B) . Also the cornea appears morphologically normal at all stages examined (Figs. 1A-G 0 (3 dpf); 2A-E (4 dpf); 4A, D (5 dpf) and Fig. 4H (adult) ). These findings indicate that the ocular phenotype in the bum À/À mutant is lens-specific. It should, however, be noted that compared to the wild-type adult retina (Suppl. Fig. 2 ), the thickness of retinal layers in adult bum À/À eyes appears reduced. This is likely a secondary effect resulting from the lack of (or reduction in) visual input in the adult mutant, which lack a pupil (Fig. 6) , and the subsequent decreased need for processing of visual information, which might result in fewer cells and neuronal connections in the bum À/À retina.
In view of the fact that the lens is considered a major contributor to the shape of the developing eye, it is notable that at 5 dpf the overall size of the eyes is only slightly affected by the reduction in lens size in bum À/À larvae (Fig. 4A, B) . This is in contrast to later stages where the eyes of bum À/À zebrafish are more strongly reduced compared to age-matched wildtype individuals. Especially, in adult zebrafish, which normally have prominent lateral eyes (Fig. 6A) , the eyes are significantly smaller in bum À/À mutant individuals ( Fig. 6B ; see also Fig. 8B , E below). Sectioning of the eyes of adult bum À/À zebrafish revealed the absence of a lens in the mutant (Fig. 4H ). This indicates that the small lenses which initially form in bum À/À larvae remain too small to be detected when preparing serial sections or are lost as development proceeds. While we cannot formally rule out the presence of very small, residual lenses (as observed at early larval stages; see e.g. Fig. 4B ), the lack of large, transparent lenses centrally located in the eyes of adult bum À/À zebrafish means that the functions normally fulfilled by this structure are absent in the mutant. (curved dotted lines) and the lines along which the thickness of the lens epithelium was measured are indicated (straight solid lines). Note that the epithelium in the wild-type lenses always comprises a single layer of cells (epithelial monolayer), whereas in the mutant lenses it can be very significantly expanded (three representative examples are shown for each developmental stage). (C) Quantitative measurements of the thicknesses of wild-type (n = 10) and bum À/À mutant lens epithelia (n = 10 for 4 dpf; n = 9 for 5 dpf). Mutant epithelia are on average approx. 10-fold and 5-fold thicker than wild-type epithelia at 4 and 5 dpf, respectively. Notably, there is a statistically significant decrease of 53% in the thickness between mutant lens epithelia from 4 to 5 dpf. Error bars represent the standard error of the mean (SEM).
Adult bum À/À eyes are further characterised by a virtually closed pupil. Instead of the iris forming a large, circular opening as observed in wild-type eyes (Fig. 6A) , the iris in adult bum À/À eyes appears continuous (Fig. 6C-D  0 ) or with only small unpigmented areas ( Fig. 4H and inset in 4H; arrowheads point to a short melanin-free area in the continuous iris). This morphology would allow for only very little light to be able to penetrate into the eyes of bum À/À individuals. Surprisingly, the cornea (Fig. 4H) as well as the retina (Fig. 4I ) and the other parts of the eye (Fig. 4H ) appear to have developed normally in bum À/À zebrafish despite the severe degeneration/absence of the lens. The overall size of the eye in adult bum À/À mutant zebrafish ( Fig. 6B-D) is, however, substantially reduced as compared to the wild-type (Fig. 6A ).
Visual behaviour of bum
Despite a retina with wild-type morphology, bum À/À mutant larvae and adult fish display morphological and behavioural phenotypes that indicate a lack of visual function. For instance, when kept under bright light conditions, the dorsal and lateral surfaces of adult bum À/À zebrafish are significantly darker than those of age-matched siblings (Fig. 7A, B) , indicating that bum À/À zebrafish fail to undergo visual background adaptation (VBA). This is a mechanism by which zebrafish can adjust the brightness of their skin to environmental light levels by changing the distribution of melanosomes in the skin's melanocytes. In bright light conditions, the melanin granules are concentrated in a small, perinuclear volume resulting in most of the melanocytes' cytoplasm being melanin-free. As a consequence the fish's skin will appear lighter. By contrast under conditions of low light levels, the melanin granules are dispersed throughout the melanocytes thus covering most of the skin area and resulting in a darker appearance. As VBA in zebrafish is mediated by visual input through the eyes (Sugimoto, 2002; Baker, 1993) , the absence of this response in bum À/À individuals is an indication that these fish are strongly impaired in light perception. This observation is corroborated by observations of the visual behaviour of bum À/À adult zebrafish. In contrast to wild- type zebrafish, which actively and in a directed fashion swim towards food (e.g. flakes of dry food or Artemia) even from considerable distances, bum À/À individuals aimlessly scout their tanks until, almost by accident, they touch a food item with their head at which point they rapidly turn to ingest it. This behaviour was frequently observed in >4 separate tanks of adult bum À/À zebrafish each containing at least 15 individuals.
Contrast sensitivity and visual acuity are affected by the mutation in bum
In order to obtain more quantitative data on the visual ability of bum À/À zebrafish, we performed optokinetic response tests to assess visual performance (Rinner et al., 2005) . We compared the visual performance of bum À/À larvae with that of age-matched (wild-type) siblings in two experimental paradigms. In the first experiment, we tested contrast sensitivity by varying the contrast of the projected stripes (Fig. 7C, E) . This test revealed a highly significant reduction in contrast sensitivity in bum À/À mutants compared to their siblings at 5 dpf [F(1;19) = 34.92, p < 0.001] as well as at 7 dpf [F(1;19) = 89.91, p < 0.001]. At all contrast levels, the eye velocity in bum À/À mutants was significantly lower compared to siblings with the exception of 5% contrast, where both groups show spontaneous baseline activity as observed in the absence of movement in the surround (data not shown). The second test used to assess for visual acuity involved varying the spatial frequency of the moving stripes. The visual acuity of bum À/À mutants is also affected by the mutation in this test (Fig. 7D, F) . The average eye velocity of 5 and 7 day Abbreviations: cb, ceratobranchials; ch, ceratohyal cartilage; en, entopterygoid; mc, Meckel's cartilage; mx, maxilla; p, palatine; pm, premaxilla; q, quadrate; sc, scleral cartilage; so, scleral ossicles; sy, symplectic. Scale bars: 500 lm unless otherwise indicated.
old bum À/À mutants compared to their siblings is highly significantly reduced [F(1;18) = 31.10, p < 0.001 or F(1;18) = 53.65, p < 0.001, respectively] for any spatial frequency tested except for 0.16 cycles (Fig. 7D, F) . This spatial frequency is below the cut-off frequency detected by wild-type individuals and therefore no eye movement is evoked. Interestingly, both larval groups showed an increase in visual performance in both experimental paradigms with age, reflecting the ongoing maturation of the visual system also in bum À/À mutant larvae. It should, however, be noted that bum À/À mutant zebrafish show a very limited visual ability in the tests we performed. Importantly, the mutation in bum does not affect a vital organ or cell type as homozygous bum À/À mutant zebrafish are viable (Fig. 6) . Moreover, it does not affect fertility (we succeeded in breeding homozygous bum À/À mutants over several generations). While the absence of visual function would constitute a significant decrease in fitness for individuals living in the wild, eyes are a non-essential organ in the artificial setting of a laboratory, especially when bum À/À individuals are kept separate from wild-type zebrafish and thus are not competing for food. Given that adult bum À/À zebrafish are viable and display no obvious difference in survival rates when compared with wild-type zebrafish, this strain is suited for experiments in which bum À/À and wild-type zebrafish are kept in the same environment to assess their respective fitness and thus assess the evolutionary advantage of vision in a vertebrate species. In blind tetra (cavefish), the reduction of the eye has lead to several constructive changes which include expanded circumorbital bones (shown here for bum À/À as well; see below)
as well as increased taste buds and neuromasts, presumably to compensate for the lost visual ability (see Franz-Odendaal and Hall, 2006 , for discussion). Although it would be extremely interesting to investigate whether these changes also occur in bum
, our behavioural data (described above) would suggest that no compensation has occurred.
Skeletal analyses reveal craniofacial defects and a normal ocular skeleton
In addition to the lens and other ocular phenotypes described above, skeletal anomalies were observed in the craniofacial region of bum À/À zebrafish, whereas the trunk skeleton appeared normal in all specimens examined. In wild-type zebrafish the eye occupies a large space within the skull. In bum
, however, many (but not all) of the craniofacial skeletal elements are altered in size and/or shape. Overall the skull appears to be reduced in all three axes -anteriorposteriorly, laterally and dorso-ventrally -compared to wildtype specimens (Fig. 8A-F) . Specifically, the length of the skull roof (distance b in Fig. 8A, D) , its overall width (distance c) and the depth (distance g) of the skull are reduced in bum À/À compared to wild-type individuals (Suppl. Table 1 ). Statistical analyses show that all three measures are significantly different (length: t(À5.57, 12), p = 0.0001; width: t(À3.54, 12), p = 0.004; depth: t(À1.79, 9), p = 0.10). Interestingly, the distance between the subtemporal fossa (distance e in Fig. 8A , D) is similar suggesting that this defect is not a simple re-scaling of the skull dimensions. Cartilage and bone elements of the olfactory region are also normal in bum
. In 2 out of 6 adult bum À/À zebrafish, the dentary bone has ectopic asymmetric ossifications while the maxilla and premaxilla of these specimens are only mildly affected (Fig. 8P-T) . For example, the dorsal process of the premaxilla in one specimen is slightly shorter on the left versus the right side. One specimen also has a severely folded opercule bone on the left side. The hyoid and branchial arches are normal, while the pterygoid complex and hyomandibular bones are slightly smaller in bum À/À compared to wild-type specimens of the same size (Fig. 8G, L, M) . Apart from the overall differences in skull shape, some of the orbital bones are altered in shape, size or position (Fig. 8J,  K, N, O) . The supraorbital bone (dissected in Fig. 8J ), which usually covers the dorsal aspect of the eyeball (distance in Fig. 8A, D) , instead extends ventrally to partially cover the orbit, thereby further reducing the lateral dimensions of the skull. Surprisingly despite adult bum À/À zebrafish having a non-functional eye which is significantly reduced in size in the adult (Figs. 6 and 7) , the ocular skeleton is preserved with normal scleral cartilage (Fig. 8G ) in juveniles. This element later ossifies periskeletally from the scleral cartilage template to form two normal scleral ossicles (Fig. 8H, I ). This ossification occurs much later than scleral cartilage induction and lens development (Franz-Odendaal et al., 2007) , however in bum À/À subadult specimens, we observed delayed ossification of the scleral ossicles (Fig. 8I , top wild-type, bottom, bum
). These findings suggest that the developmental programme responsible for induction of the ocular skeleton is unchanged despite lens degeneration. This is in contrast to lens ablation experiments done in the sighted Mexican tetra (Astyanax mexicanus), where ablating the lens prevents scleral ossicle formation, leaving only the scleral cartilage template (Yamamoto et al., 2003) . The infraorbital bones of bum À/À are also slightly expanded (not shown).
One reason why the ocular skeleton is preserved in bum
but not in cavefish could be differences in the process of lens degeneration. In bum À/À , the primary lens fibres and the other eye tissues (iris, cornea, retina) develop normally. The secondary lens fibres however, degenerate soon after forming resulting in a reduced size of the lens. In the cavefish, lens fibres do not form and the cornea does not differentiate, however, the retina does differentiate and the resulting optic cup is smaller (Jeffery and Martasian, 1998) ; Fig. 2D in Yamamoto and Jeffery (2000) . This suggests that the degenerating secondary lens fibres are not required for normal development of the ocular skeleton in zebrafish. Alternatively, this could be a species difference.
Recently, Albertson and Yelick reported distinct skeletal defects including facial asymmetries, irregular cranial suturing and ectopic bone formation in zebrafish with an fgf8 haploinsufficiency (ace ti282a /fgf8 heterozygotes) (Albertson and Yelick, 2007) . The ectopic bone formation in these heterozygotes was limited to the mandible, as in bum À/À , shown here, and was observed in 30% of homozygous recessive ace ti282a mutants. The frontal region of the skull was expanded in both length and height relative to the posterior region. These authors hypothesize that the bone defects observed may relate to mechanisms that underlie bone growth and remodelling since FGFs are known to play major roles in skeletal development (e.g. Colvin et al., 1996; Deng et al., 1996 and others). The reason why the mandible region (and not other skel-etal elements) is susceptible to ectopic bone growth is unclear at present but could point to as yet unknown epigenetic factors involved in teleost ossification. Further experiments to identify the mutation in bum À/À and whether it functions in the same genetic network as FGFs would need to be conducted in order to understand the observed craniofacial defects.
Genetic mapping of the mutation in bumper
To identify the genetic defect underlying the bum À/À phenotype, we mapped the mutation on the zebrafish genome. Pooled DNA of 48 bum À/À and 48 sibling 5 dpf larvae, respectively, was tested with 192 SSLP markers resulting in a linkage of the mutation to chromosome 7 between markers z4706 (located 28.3 cM north of the mutation) and z13880 (26.0 cM south of the mutation; data not shown). To narrow down the critical interval of the mutated locus, we tested additional SSLP markers located in this genomic region. Analysis of between 516 and 684 meioses identified z8604 and z7958 as the closest SSLP markers with distances of 0.2 and 3.7 cM, respectively (Fig. 9A) . Analysis of 510 meioses for the marker z15069 revealed no recombination events, indicating very close linkage to this SSLP marker (asterisk in Fig. 9A ).
As the phenotype observed in bum À/À larvae suggests a defect in secondary lens fibre cell differentiation and in the development of the head skeleton, we screened the genomic region between the SSLP markers z8604 and z7958 for genes that, when mutated, might explain the phenotype (Fig. 9B ). This approach resulted in three candidate genes: hspa12b, a heat-shock protein; slc8a4b, a member of a solute carrier family; and cct7, a chaperonin containing TCP1, subunit 7 (eta). hspa12b and cct7 appeared as attractive candidates as heatshock proteins/chaperones have been shown to play crucial roles in the development and function of the vertebrate lens (Akerfelt et al., 2007; Banh et al., 2006) , including in zebrafish (Mao and Shelden, 2006; Krone et al., 2003; Blechinger et al., 2002) , and have been demonstrated to be important for lens fibre cell differentiation in this species (Evans et al., 2007 (Evans et al., , 2005 . slc8a4b was chosen as a candidate gene due to the crit- Schematic representation of the region of the zebrafish genome comprising the three SSLP markers (blue) closest to the bum mutation as predicted by the ENSEMBL zV7 assembly. The representation shows known genes or genes with known homology to genes characterised in other organisms as well as their locations. Genes in sense orientation are shown above the line representing part of chromosome 7, those in antisense orientation below. Genes sequenced as part of this study are indicated in red. Note that the distances between the markers differ between the ENSEMBL assembly (B) and those on the genetic map (A). The abbreviated gene names stand for: per4, period homolog 4; LRCH4, Leucine-rich repeat and calponin homology domain-containing protein 4 (Leucine-rich repeat neuronal protein 4, Leucine-rich neuronal protein); ADAM 33, ADAM 33 Precursor (A disintegrin and metalloproteinase domain 33); pc, pyruvate carboxylase; bms1, breast cancer metastasis-suppressor 1; ppp1r14b, protein phosphatase 1, regulatory (inhibitor) subunit 14B; plcb3, novel protein similar to human phospholipase C beta (PLCB) (fragment); slc8a4b, solute carrier family 8 (sodium/calcium exchanger), member 4b; cct7, chaperonin containing TCP1, subunit 7 (eta); hspa12B, heat-shock protein 12B; agxt2l1, Alanine-glyoxylate aminotransferase 2-like 1; COL25A1, Collagen alpha-1(XXV) chain (CLAC-P) (Alzheimer disease amyloid-associated protein; AMY); rpl34, 60S ribosomal protein L34.
ical role of ion channels in lens physiology (reviewed in Mathias and Rae (2004) ) and the observed phenotype, i.e. the swelling of the secondary fibres soon after the onset of differentiation, could be explained by an osmotic imbalance in these cells. We prepared cDNA from 5 dpf old bum À/À and sibling larvae and sequenced all of these genes. Analysis of the fulllength coding sequences of the hspa12b, the cct7 and the slc8a4b genes did, however, not reveal a mutation that would alter the amino acid sequence of the corresponding proteins (see respectively) . This suggests that either the mutation in bum À/À affects a different gene or that it is not located in the coding region of one of either of these genes, but in regulatory sequences such as promoter regions.
In the latter case, only extensive sequencing of large regions of the DNA flanking the candidate genes might reveal possible mutations, which would subsequently have to be validated in, for example, reporter assays.
Materials and methods

Fish husbandry and breeding
The zebrafish (Danio rerio) used in this study were of the Tü bingen (TU) strain (Dahm et al., 2005; Geisler, 2002) . General fish husbandry was as described (Brand et al., 2002) . Embryos and larvae up to 5 days post-fertilisation (dpf) were kept in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 and 10
À5
% methylene blue in distilled water) at 28°C and staged according to morphological markers as published (Dahm, 2002; Kimmel et al., 1995) . For external and behavioural analyses, living larvae and adult fish were anesthetized in 0.01% TricaineÒ (3-aminobenzoic acid ethylester, Sigma) and mounted in 3% methyl cellulose (w/v) in E3 medium (Brand et al., 2002) .
The zebrafish mutant bumper (bum; tg413, originally referred to as tg413b) was initially identified in a large-scale ENU mutagenesis screen using zebrafish with the TU background carried out at the Max Planck Institute for Developmental Biology in 1994 -1995 .
3.2.
Histology and whole-mount staining Zebrafish embryos and larvae at different stages of development as well as adult zebrafish were fixed in a solution of 4% (w/v) paraformaldehyde and 2.5% (v/v) glutaraldehyde in 75 mM phosphate buffer (pH 7.4) for 1 h at room temperature (RT) and stored at 4°C overnight. For light microscopy, the fixed embryos and larvae were dehydrated in a graded series of ethanol (30%, 50%, 70%, 90%, 96% and 2 · 100% for 15 min each). Subsequently, the samples were infiltrated with TechnovitÒ 7100 (Heraeus-Kulzer, Wehrheim/TS, Germany) including hardener I through the following steps: 1· in 2:1 100% ethanol/Technovit for 30 min, 1· in 1:1 100% ethanol/ Technovit for 30 min, 1· in 100% Technovit for 45 min and 1· in 100% Technovit for 1 h. All steps were carried out at RT under gentle agitation. The infiltrated samples were transferred into freshly made Technovit 7100 containing both hardener I and II, properly orientated in moulds and left overnight to polymerize. Sections of 1-4 lm thickness were cut on a microtome (Reichert, Austria) using glass knifes. The sections were subsequently transferred onto a drop of 15% ethanol on SuperFrostÒ Plus slides (Menzel-Glaser, Germany) and left to dry on a heated plate at approx. 50°C for 15 min. For general histology, the dried sections were stained with 0.5% toluidine blue (Fluka) in 1% sodium tetraborate for 10 s. Excess staining solution was washed off with tap water and the sections left to dry again at approx. 50°C for 15 min. For imaging and long-term storage, dried slides were mounted in Epon and examined in an Axiophot microscope (Zeiss, Germany) equipped with a digital camera. For the histological analyses, >10 individuals were used for the larval stages and 5 adult individuals were analysed.
For the visualisation of apoptotic cells in the lens, living 4 dpf zebrafish larvae were incubated in 0.5% (w/v) Acridine Orange (Sigma, Germany) in E3 medium without methylene blue for 90 min. at 28°C. The incubated larvae were then washed three times with E3 medium and examined with an Olympus BX61 fluorescence microscope (Olympus, Germany). The number of apoptotic bodies within the lens of 8 siblings and 8 mutant larvae were manually counted and statistically analysed using SPSS (SPSS, USA). Image processing and graph designing was performed with Adobe Photoshop and Illustrator (Adobe Systems, USA) and SPSS (SPSS, USA).
To visualise the skeleton, adult and juvenile bum À/À and wild-type zebrafish were whole-mount stained with Alizarin red and/or Alcian blue (described in Franz-Odendaal et al. (2007) ). Briefly fish were fixed overnight in 4% paraformaldehyde at 4°C, dehydrated, bleached in a mild hydrogen peroxide solution and trypsinized to remove most of the soft tissue. Approx. 15 specimens were stained in this manner. The analyses focused on 8 specimens ranging in size from 15-30 mm SL which showed the most striking skeletal differences. Specimens were examined using a Nikon SMZ1500 stereomicroscope. Some dissection was conducted to display the skeletal phenotypes. Measurements of skeletal elements were taken from digital images using Nikon NIS imaging software. Student t-tests were used to compare measures between wild-type and mutant fish. All measures were standardized with standard length. Statistical analyses were conducted using Sigma Plot 10.0 (Systat Software Inc., USA).
Electron microscopy
For transmission electron microscopy (TEM) of embryonic and larval eyes, the specimens were fixed in five times their volume of 2.5% (v/v) glutaraldehyde and 4% (w/v) paraformaldehyde in 75 mM phosphate buffer (pH 7.4) for at least 24 h. The fixed specimens were then washed three times with PBS and contrasted with 1% OsO 4 in PBS for 90 min. on ice. The samples were subsequently washed once in PBS and three times in distilled water, before being incubated in 1% aqueous uranyl acetate for 1 h. The tissue was then dehydrated in a graded series of ethanol at RT and embedded in Epon (Roth, Karlsruhe, Germany). Ultrathin sections (60-100 nm) were cut on a LKB Ultratome IV (LKB Instruments, Bromma, Sweden), contrasted with lead citrate (Venable and Coggeshall, 1965 ) and examined using a Philips CM10 transmission electron microscope (Philips Industries, Eindhoven, The Netherlands) operating at 60 kV. The TEM analyses were performed on 10 individuals.
Quantitative measurement of lens epithelial cell hyperproliferation
For the measurements of the hyperproliferating lens epithelia, 4 and 5 dpf larvae were fixed in a solution of 4% (w/v) paraformaldehyde in 150 mM phosphate buffer (pH 7.4) overnight at 4°C. Fixed larvae were dehydrated in a graded series of ethanol (see above) and subsequently infiltrated with TechnovitÒ 7100 (Heraeus-Kulzer, Germany) including hardener I 2· in 1:1 100% ethanol/Technovit for 30 min each and 2· in 100% Technovit for 1 h each. All steps were carried out at RTunder gentle agitation. The infiltrated samples were transferred into freshly made Technovit 7100 containing both hardener I and II, properly orientated in moulds and left overnight to polymerize. Sections of 3 lm thickness were cut on a Leica RM 2145 microtome (Leica, Germany) using glass knifes. The sections were transferred onto a drop of ddH 2 O on SuperFrostÒ Plus slides (Menzel-Glaser, Germany) and left to dry on a heated plate at approx. 50°C for 15 min. For general histology, dried sections were stained with 0.5% toluidine blue (Fluka, Switzerland) in 1% sodium tetraborate (Fluka, Switzerland) for 10 s. Excess staining solution was washed off with tap water and the sections left to dry again at approx. 50°C for 15 min. For imaging and long-term storage, dried slides were mounted in Entellan (Merck, Germany) and examined in an Olympus BX61 microscope (Olympus, Germany) equipped with a digital camera. Ten sibling and 9-10 mutant larvae were analyzed. The thickness of the lens epithelium was measured using ImageJ (National Institutes of Health, USA) and statistically evaluated and plotted with SPSS (SPSS, USA) and the Excel software (Microsoft, USA). The images were processed using Adobe Photoshop and Illustrator (Adobe Systems, USA).
Quantitative measurement of visual performance
The optokinetic response (OKR) was quantitatively measured to analyze the visual performance of bum À/À mutants.
The stimulus triggering an OKR consisted of a 360°moving black-and-white sine-wave grating. Contrast sensitivity and visual acuity of 5 and 7 day old zebrafish larvae were tested by separately changing the contrast and the spatial frequency of the stimulation pattern. The temporal frequency was kept constant at 7.5 degrees per second. The stimulus was generated using the Vision Egg stimulus generation software library (Straw, 2008) . It was projected by a LCD projector (Sony, VPL CX1) via a mirror to the inside of a white cylindrical screen with a diameter of 90 mm. The larva to be analyzed was placed in a 35 mm Petri dish and immobilized in a 3% methyl cellulose solution in the centre of the cylinder. The elicited eye movements were recorded by an infrared-sensitive black-and-white CCD camera (Allied Vision Technologies, Guppy F-038B NIR) and evaluated by custom made software based on Labview v7.1 with IMAQ v3.7 extension (National Instruments). A total of 10 sibling and 10 bum À/À mutant larvae were analyzed for both paradigms. Statistic analysis and graph design were performed using SPSS v17.0 (SPSS Inc.).
3.6.
Genetic mapping of bum À/À and sequencing of candidate genes
Map crosses were set up between heterozygous bum +/À (Tü background) and wild-type WIK zebrafish. The offspring from these crosses were inbred and homozygous bum À/À and sibling F 2 progeny were collected and their DNA extracted. Bulked segregant analysis on 48 bum À/À larvae and siblings, respectively, was done using 192 simple sequence length polymorphisms (SSLP markers) distributed over the entire genome (Geisler, 2002) . Further fine mapping was performed using the total DNA of additional single homozygous bum À/À mutant larvae.
The number of mutant larvae tested for each SSLP marker in the fine mapping approach is given in Fig. 7 . DNA extraction and PCR were performed as described (Geisler, 2002; Schonthaler et al., 2008) . The coding sequences (cds) of the zebrafish genes hspa12b, cct7 and slc8a4b were sequenced using primers encompassing the entire cds of the respective cDNAs.
